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GaN films were implanted with 150 keV Ar1 at temperatures up to 1100 °C to a dose of 3
31015cm22. Concentration profiles of Ar were measured by secondary ion mass spectroscopy and
depth distributions of ion-induced damage were estimated from Rutherford backscattering/
channeling spectra. No redistribution of Ar atoms was detected up to 700 °C. At 1000 °C a deep
penetrating diffusion tail and a shift of the Ar peak to the surface were observed. At temperatures
higher than 800 °C shift of the damage peak to the surface was also observed. We attributed the shift
of the Ar peak and the damage peaks to evaporation of thin layer of GaN during high-temperature
implantation and estimated its temperature dependence. ©2003 American Institute of Physics.
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I. INTRODUCTION
Ionization energy of dopants in GaN are relatively large
and consequently high doses of dopants have to be intro-
duced for creating low resistive layers. When the doping is
carried out by ion implantation production of heavily dam-
aged or amorphous layers may result from high-dose implan-
tations. Studies of GaN implanted at liquid nitrogen and
room ~RT! temperatures demonstrated that such damage
could not be completely removed by the subsequent
annealing.1,2
High-temperature ion implantation is a promising doping
technique for GaN because it allows avoiding amorphization
during high-dose implantation. However, in this case, sput-
tering, thermal decomposition of a substrate and radiation
enhanced diffusion of implanted dopants may take place.
These effects may have a detrimental effect on characteris-
tics of GaN electronic devices fabricated by ion implantation
and have to be taken into account.
II. EXPERIMENT
The GaN layers were grown on~0001! 6H-SiC sub-
strates by metalorganic vapor phase epitaxy. The samples
were implanted with 3 1015cm22 Ar1 ions at 150 keV. The
implantations were done at two dose rates of 0.45 and 4.5
mA/cm2, which further will be referred to as low and high
dose rate, respectively. For implantations at elevated tem-
peratures, samples were mounted onto a graphite strip, which
was heated up to 1000 °C by passing an ac current. In the
samples implanted at the high dose rate additional tempera-
ture rise of about 100 °C was observed. The concentration
profiles of Ar were obtained by secondary ion mass spectros-
copy ~SIMS!. The ion-induced damage was determined by
Rutherford backscattering spectroscopy in the channeling
mode~RBS/C! with 2.3 MeV He1 ions aligned alonĝ0001&
axis of GaN samples. The glancing angle geometry with
scattering angle of 108° utilized in the RBS/C measurements
allowed to achieve depth resolution of the order of 10 nm.
III. RESULTS AND DISCUSSION
Figure 1 shows SIMS profiles of Ar implanted in GaN at
the low dose rate and temperatures (Timp) of RT and
1000 °C. Implantation at RT, 400, and 700 °C did not cause
any noticeable changes in Ar distributions within the SIMS
measurements depth resolution of;5 nm. These profiles
were fitted by a Gauss function with a projected range (Rp)
of 100.360.6 nm and a standard deviation (dRp) of 42.7
61.1 nm.
Implantation atTimp51000 °C dramatically altered the
concentration profile of Ar. In the region around theRp up to
the depth of about 230 nm the Ar distribution retained the
Gaussian shape but became slightly wider (dRp546.1
61.1 nm) and its maximum shifted to the sample surface
and was located at 79.860.6 nm. The concentration of Ar in
the maximum slightly decreased due to the peak widening.
At the depth greater than 230 nm the concentration profile
had a sharp kink and a deep penetrating diffusion tail. Such
considerable motion of Ar atoms can be attributed to radia-
tion enhanced diffusion because diffusion coefficients of
dopants implanted into GaN and subsequently annealed are
usually very low.3 The diffusion coefficient of Ar in the tail
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region was determined by fitting the concentration profile
with the analytical solution of the diffusion equation derived
in Ref. 4. The effective diffusion coefficient atTimp
51000 °C was estimated to be (4.460.5)310213cm2/s.
The widening of the profile in the region around theRp
can also be attributed to the diffusion process with signifi-
cantly lower diffusion coefficient than in the tail region.
However, the facts that the peak maximum shifted to the
surface and the shape of the peak did not change most likely
indicate that evaporation of thin layer of GaN film during
implantation took place. According to the equation describ-
ing the modification of the implantation profile due to
sputtering5 the changes in Ar profile atTimp51000 °C corre-
spond to;40 nm of the removed layer thickness. Since in-
fluence of the diffusion and the surface erosion on the Ar
profile shape is difficult to separate the location of the peak
maximum can be taken as a measure of the evaporated layer
thickness. In doing so, one should take into account that the
peak shift corresponds to the half of the thickness of the
removed layer.
Figure 2 shows depth distributions of damage extracted
from the RBS/C spectra after implantation at temperature
ranging from 700 to 1000 °C and low dose rate.~For detailed
analysis of the effect of implantation temperature and dose
rate on damage accumulation in Ar-implanted GaN see Ref.
6.! At Timp>800 °C a shift of the damage peak to the surface
was observed. The difference between the damage peaks at
700 and 1000 °C was found to be;19.8 nm. This value
matches very well the shift of Ar maximum atTimp
51000 °C obtained from the SIMS measurements. This
again suggests that evaporation of thin surface layer of GaN
took place during the bombardment at the elevated tempera-
tures.
Lattice disorder on the surface monotonically decreased
with the increase ofTimp up to 1000 °C~Ref. 6! and exami-
nation of the samples under scanning electron microscope
showed that the surface was smooth and featureless. This
means that the damage~in the Ga sublattice! was not only
removed at the sample surface, but Ga atoms also did not
accumulate at the surface and thus GaN evaporated congru-
ently. It follows from the RBS/C data that measurable evapo-
ration of GaN under the conditions of these experiments be-
gan atTimp>800 °C.
The evaporation rate,v, was evaluated from the shift of





wheret is the implantation time. Figure 3 shows dependence
of the evaporation rate on the inverse implantation tempera-
ture. These data are well described by the Arrhenius equation
vS nms D533.83expS 2 0.74 eVkT D . ~2!
The temperature at which the onset of GaN evaporation was
observed agreed very closely with the literature data.7–9
However, the evaporation rate activation energy in our ex-
periments was significantly lower than values reported for
the thermal evaporation in vacuum~3.6 eV in Ref. 7, 3.93 eV
FIG. 1. SIMS profiles of 150 keV Ar1 implanted into GaN to the dose of
331015 cm22 at RT ~circles! and 1000 °C~crosses!.
FIG. 2. Depth distribution of damage in GaN implanted with Ar1 at the low
dose rate and different temperatures: 700~squares!, 800 ~triangles!, 900
~circles!, and 1000 °C~crosses!.
FIG. 3. Evaporation rate of GaN implanted with Ar1 at the low dose rate as
a function of inverse of the implantation temperature~squares!. Solid line is
the result of fitting with Eq.~2!.
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in Ref. 8!. The discrepancy could be accounted for by the
radiation damage introduced by energetic Ar1 ions. The ions
impinging the surface brake up the chemical bonds between
target atoms and displace the atoms from their lattice sites
and consequently decrease the energy barrier for desorption.
Figure 4 demonstrates the damage profiles after implan-
tation at the high dose rate and having regard to the increase
of samples temperature caused by the ion beam. In the tem-
perature range from 700 to 1000 °C there was no any notice-
able shift of the damage maximum towards the surface con-
trary to the case when implantations were performed at the
low dose rate~see Fig. 2!. This indicates that the evaporation
was suppressed. Since the implantation time of the samples
prepared with the high dose rate was by an order shorter
comparing to the samples implanted at the low dose rate the
thickness of the evaporated film calculated by using Eq.~2!
even atTimp51000 °C equals only 4.1 nm. This value is less
than the depth resolution of our measurements and conse-
quently cannot be detected.
At Timp51100 °C a considerable motion of the damage
peak position to the surface and an increase of the damage on
the surface were clearly observed~see Fig. 4!. The shift of
the damage peak yielded the evaporation rate of;0.6 nm/s,
which is about a factor of 10 larger than the one evaluated
from the Eq.~2!. We believe that the increase of the surface
peak height and width was most likely due to the preferential
loss of nitrogen and accumulation of gallium at the surface.
It was established in Ref. 10 that the evaporation rate of GaN
was markedly increased by the presence of gallium metal on
the surface. Thus irradiation at the high dose rate raised the
sample temperature into the regime where the enhanced and
incongruent evaporation of GaN took place.
IV. CONCLUSIONS
In conclusion, we have shown that during high tempera-
ture ion implantation of GaN with Ar1 radiation enhanced
diffusion of implanted atoms and evaporation of thin near
surface layer took place. SIMS measurements showed no
redistribution of Ar atoms for implantation temperatures up
to 700 °C and enhanced diffusion atTimp51000 °C. Based
on the shift of Ar peak and lattice damage peaks the tempera-
ture dependence of the evaporation rate of GaN was deter-
mined. Bombardment of GaN with Ar1 in the temperature
range from 800 to 1000 °C resulted in congruent evaporation.
We have also demonstrated that decreasing the implantation
time through the increase of the dose rate decreased the
thickness of the evaporated layer. AtTimp.1000 °C when
extra heating by the high dose rate beam was observed the
evaporation of GaN was incongruent and significantly en-
hanced by accumulation of Ga on the surface.
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FIG. 4. Depth distribution of damage in GaN implanted with Ar1 at the
high dose rate and different temperatures: 700~squares!, 800~triangles!, 900
~circles!, 1000~crosses!, and 1100 °C~diamonds!.
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